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ABSTRACT
The thermal Sunyaev-Zel’dovich (SZ) effect and soft X-ray emission are routinely
observed around massive galaxies and in galaxy groups and clusters. We study these
observational diagnostics of galaxy haloes for a suite of cosmological ‘zoom-in’ sim-
ulations from the ‘Feedback In Realistic Environments’ project, which spans a large
range in halo mass (1010−13 M⊙). We explore the effect of stellar feedback on the hot
gas observables. The properties of our simulated groups, such as baryon fractions, SZ
flux, and X-ray luminosities (LX), are broadly consistent with existing observations,
even though feedback from active galactic nuclei is not included. We make predictions
for future observations of lower-mass objects for both SZ and diffuse X-ray measure-
ments, finding that they are not just scaled-down versions of massive galaxies, but
more strongly affected by galactic winds driven by star formation. Low-mass haloes
(. 1011 M⊙) retain a low fraction of their baryons, which results in a strong sup-
pression of the SZ signal. Our simulations therefore predict a scaling with halo mass
that is steeper than self-similar for haloes less massive than 1013 M⊙. For halo masses
. 1012 M⊙, LX is time-variable and correlated primarily with the star formation rate
(SFR). For these objects, the diffuse X-ray emission is powered mostly by galactic
winds and the gas dominating the X-ray emission is flowing out with radial velocities
close to the halo’s circular velocity. For halo masses & 1013 M⊙, on the other hand, LX
is much less variable and not correlated with the SFR, because the emission originates
from the quasi-hydrostatic, virialized halo gas.
Key words: galaxies: haloes – galaxies: formation – galaxies: evolution – intergalactic
medium – X-rays: galaxies – methods: numerical
1 INTRODUCTION
Hot gaseous haloes around galaxies are an integral part of
the galaxy formation process. As matter in the Universe
collapses, it forms a network of sheets and filaments, the so-
called ‘cosmic web’, along with nearly-spherical dark matter
haloes. The collapse of dark matter halts as it reaches virial
equilibrium in haloes. Baryons, on the other hand, can lose
energy through radiation, which allows them to collapse fur-
⋆ E-mail: freeke@berkeley.edu
ther and reach high densities in the centre, where they set-
tle in a rotationally supported disc (e.g. Fall & Efstathiou
1980). According to the simplest picture of baryonic col-
lapse, all gas in a dark matter halo is initially heated to
the virial temperature of that halo at a virial shock, within
which it reaches a quasi-static equilibrium supported by the
pressure of the hot gas.
However, within the so-called cooling radius, the cool-
ing time of the gas is shorter than the age of the Universe. If
the cooling radius lies well inside the halo, which is indeed
the case for high-mass haloes, a quasi-hydrostatic, hot at-
© 2016 The Authors
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mosphere will form. On the other hand, if the cooling radius
is larger than the virial radius, as is the case for low-mass
haloes (< 1012 M⊙), there will be no hot halo and the ac-
creting gas will not go through an accretion shock at the
virial radius. Instead, the gas can cool and reach the central
galaxy rapidly (Rees & Ostriker 1977; White & Rees 1978;
White & Frenk 1991; Birnboim & Dekel 2003). The filamen-
tary and clumpy structure of the intergalactic medium can
give rise to hybrid haloes where both gas accretion modes
coexist (e.g. Keresˇ et al. 2005).
In reality the properties of gaseous haloes are more com-
plicated than in this simple picture. Besides star formation
acting as a sink for dense, cold gas, massive stars also pump
energy into the halo through galactic winds, changing the
structure and thermodynamics of the halo gas. Low-mass
galaxies may lack a hot halo due to structure formation,
but they may still be surrounded by hot gas due to galactic
outflows and the interaction of such outflows with inflowing
gas. Besides pumping energy into the halo, galactic outflows
also remove gas from the halo, thus decreasing the amount
of hot halo gas. This has strong observational consequences,
which are detectable with current and future instrumenta-
tion. Understanding the detailed effect of stellar feedback
on halo gas is one of the keys to understanding how galaxies
are fed and how they are quenched.
Two main methods are employed to detect the hot gas
around galaxies. The thermal Sunyaev-Zel’dovich (SZ) effect
(Sunyaev & Zeldovich 1970) is the increase in the energy of
the cosmic microwave background (CMB) radiation caused
by inverse Compton scattering of CMB photons off free elec-
trons in hot gas. It thus depends linearly on the electron
column density along the line-of-sight as well as on the tem-
perature of the gas. Large samples of SZ observations have
been and are being obtained with e.g. the Atacama Cos-
mology Telescope (Menanteau et al. 2010), the South Pole
Telescope (Vanderlinde et al. 2010), and the Planck survey
(Planck Collaboration 2011, 2013).
Gas with temperatures T & 106 K also emits con-
tinuum and line radiation in the soft X-ray regime (0.5
to several keV). This emission depends on the square of
the density and on metallicity and temperature. Satellites,
such as ROSAT, Chandra, and XMM-Newton, have made
it possible to observe the extended hot halo gas in clus-
ters and groups (e.g. Voges et al. 1999; Sun et al. 2009;
Anderson et al. 2015), around quiescent, elliptical galaxies
(Forman et al. 1985; O’Sullivan et al. 2001; Boroson et al.
2011; Goulding et al. 2016), and around star-forming, spiral
galaxies (e.g. Strickland et al. 2004; Tu¨llmann et al. 2006;
Anderson & Bregman 2011; Dai et al. 2012; Bogda´n et al.
2013). The latter generally show a correlation between X-
ray emssion and star formation rate (SFR; e.g. Mineo et al.
2012; Li & Wang 2013). This emission is necessarily bi-
ased towards high-temperature, high-metallicity, and high-
density gas and therefore strongly biased towards the cen-
tral regions of the halo. SZ and X-ray measurements thus
probe different halo gas and combining these observations
with cosmological simulations will allow us to untangle the
complicated interplay between halo gas and galactic winds.
In this paper, we present results from a suite of cosmo-
logical ‘zoom-in’ simulations from the ‘Feedback In Realistic
Environments’ (FIRE) project1, which spans a large range
in halo mass. The FIRE simulation suite has been shown
to successfully reproduce a variety of observations. This
includes, e.g., the derived stellar-to-halo mass relationship
(Hopkins et al. 2014; Feldmann et al. 2016), shallow dark
matter profiles (On˜orbe et al. 2015; Chan et al. 2015), the
mass-metallicity relation (Ma et al. 2016), and high redshift
H i covering fractions (Faucher-Gigue`re et al. 2015, 2016).
The hot gaseous haloes around galaxies are the focus of this
paper. We compare our simulated galaxy haloes to observa-
tions of the thermal SZ effect and to soft X-ray observations.
We study the properties of halo gas for halo masses below
and above that of the Milky Way in order to determine in
which regime stellar feedback significantly affects hot gas
observables by changing the density, temperature, pressure,
and metallicity of the hot halo gas and by removing gas from
the halo.
In Section 2 we describe the suite of simulations used,
as well as the way we compute the thermal SZ effect (2.1)
and soft X-ray emission (2.2) from the gas. In Section 3 we
present our results, with Section 3.1 focusing on the thermal
SZ effect and Section 3.2 focusing on the soft X-ray emission
from the hot haloes. The main results are shown in Figures 3,
5, and 6. We discuss and compare our results to those in the
literature and conclude in Section 4.
2 METHOD
The simulations used are run with gizmo2 (Hopkins
2015) in ‘P-SPH’ mode, which adopts the Lagrangian
‘pressure-entropy’ formulation of the smoothed particle hy-
drodynamics (SPH) equations (Hopkins 2013). The grav-
ity solver is a heavily modified version of gadget-2
(Springel 2005), with adaptive gravitational softening fol-
lowing (Price & Monaghan 2007). Our implementation of
P-SPH also includes substantial improvements in the ar-
tificial viscosity, entropy diffusion, adaptive timestepping,
smoothing kernel, and gravitational softening algorithm.
This work is part of the FIRE project, which con-
sists of several cosmological ‘zoom-in’ simulations of galax-
ies with a wide range of masses, simulated down to
z = 0 (Hopkins et al. 2014; Chan et al. 2015; Ma et al.
2016; Hafen et al. 2016; Feldmann et al. in prep.) and
z = 2 (Faucher-Gigue`re et al. 2015) and z = 1.7
(Feldmann et al. 2016). The simulation details are fully de-
scribed in Hopkins et al. (2014) and references therein.
A ΛCDM cosmology is assumed with parameters consis-
tent with the 9-yr Wilkinson Microwave Anisotropy Probe
(WMAP) results (Hinshaw et al. 2013). The (initial) parti-
cle masses for dark matter and baryons and the minimum
physical baryonic force softening length vary and are listed
in Table 1 for the 16 simulations that were run down to
z = 0. The 36 high-redshift simulations that were run down
to z ≈ 2 are described in Faucher-Gigue`re et al. (2015) and
Feldmann et al. (2016) and their initial baryonic (dark mat-
ter) masses range from 3.3× 104 to 2.7× 105 M⊙ (1.7× 10
5
to 1.4 × 106 M⊙). For the mass range where simulations
1 http://fire.northwestern.edu/
2 http://www.tapir.caltech.edu/phopkins/Site/GIZMO.html
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Table 1. Simulation parameters for the simulations run down to z = 0: simulation identifier, initial mass of gas particles (mbar), mass of
dark matter particles (mDM), minimum baryonic force softening (ǫbar), minimum dark matter force softening (ǫDM), median z = 0− 0.5
stellar mass (Mstar), median z = 0− 0.5 halo mass (M500c), median virial radius (R500c), median SFR (M⊙ yr−1), and reference where
this simulation is (or will be) described in more detail.
identifier mbar mDM ǫbar ǫDM Mstar M500c R500c SFR reference
(M⊙) (M⊙) (h−1pc) (h−1pc) (M⊙) (M⊙) (kpc) (M⊙ yr−1)
m10 2.6× 102 1.3× 103 1.4 20 106.3 109.8 35 4.7× 10−5 Hopkins et al. (2014)
m10v 2.1× 103 1.0× 104 5 50 105.6 109.8 36 1.4× 10−4 Ma et al. (2016)
m10h1297 2.1× 103 1.0× 104 3 30 107.1 1010.0 43 1.4× 10−4 Chan et al. (2015)
m10h1146 2.1× 103 1.0× 104 3 30 108.0 1010.4 57 0.012 Chan et al. (2015)
m10h537 2.1× 103 1.0× 104 7 70 108.2 1010.5 63 0.028 Chan et al. (2015)
m11v 5.7× 104 2.8× 105 5 100 109.4 1011.0 89 0.089 Ma et al. (2016)
m11 7.1× 103 3.5× 104 5 50 109.3 1011.1 99 0.048 Hopkins et al. (2014)
m11h383 1.7× 104 8.3× 104 7 70 109.5 1011.1 100 0.40 Chan et al. (2015)
m11.4a 3.3× 104 1.7× 105 6.25 100 109.5 1011.4 122 0.48 Hafen et al. (2016)
m12v 3.9× 104 2.0× 105 7 50 1010.4 1011.7 159 2.7 Hopkins et al. (2014)
m11.9a 3.3× 104 1.7× 105 6.25 100 1010.1 1011.7 162 2.6 Hafen et al. (2016)
m12i 5.7× 104 2.8× 105 14 100 1010.6 1011.9 188 7.2 Hopkins et al. (2014)
MFz0 A1 2.7× 105 1.4× 106 6.25 100 1011.0 1012.7 325 3.7 Feldmann et al. (in prep.)
m13 4.5× 105 2.3× 106 28 150 1011.0 1012.7 355 1.8 Hopkins et al. (2014)
MFz0 A4 2.7× 105 1.4× 106 6.25 100 1011.0 1012.7 347 2.0 Feldmann et al. (in prep.)
MFz0 A2 2.7× 105 1.4× 106 6.25 100 1011.2 1012.9 401 0.030 Hafen et al. (2016)
with different resolutions overlap (Mhalo = 10
10−12 M⊙ at
z = 0 and Mhalo = 10
12−13 M⊙ at z = 2), we find no depen-
dence on resolution for any of the results described in this
paper, which means that the hot gas properties are likely
well-resolved (except perhaps for some of the X-ray emis-
sion from galactic winds, see Section 4 for a discussion).
Star formation is restricted to molecular, self-
gravitating gas above a hydrogen number density of nH ≈
10 − 100 cm−3, where the molecular fraction is calculated
following Krumholz & Gnedin (2011) and the criterion for
being self-gravitating following Hopkins et al. (2013). This
results in the majority of stars forming at gas densities
significantly higher than the imposed threshold. Stars are
formed from gas satisfying these criteria at the rate ρ˙⋆ =
ρmolecular/tff , where tff is the free-fall time.
We assume an initial stellar mass function (IMF) from
Kroupa (2002). Radiative cooling and heating are com-
puted in the presence of the CMB radiation and the ultra-
violet (UV)/X-ray background from Faucher-Gigue`re et al.
(2009). Self-shielding is accounted for with a local
Sobolev/Jeans length approximation. We impose a temper-
ature floor of 10 K or the CMB temperature.
The primordial abundances are X = 0.76 and Y = 0.24,
where X and Y are the mass fractions of hydrogen and he-
lium, respectively. The abundances of 11 elements (H, He,
C, N, O, Ne, Mg, Si, S, Ca and Fe) produced by massive
and intermediate-mass stars (through Type Ia supernovae,
Type II supernovae, and stellar winds) are computed follow-
ing Iwamoto et al. (1999), Woosley & Weaver (1995), and
Izzard et al. (2004). Mass ejected by a star particle through
stellar winds and supernovae is transferred to the gas parti-
cles in its smoothing kernel.
The FIRE simulations include an explicit implemen-
tation of stellar feedback by supernovae, radiation pres-
sure, stellar winds, and photo-ionization and photo-electric
heating (see Hopkins et al. 2014 and references therein for
details). For the purposes of the present paper, we em-
phasize that these simulations produce galaxies with stel-
lar masses reasonably consistent with observations over a
wide range of dark matter halo masses. This is a con-
sequence of the galactic winds driven by stellar feed-
back. Feedback from active galactic nuclei (AGN) is not
included. Interestingly, some of the central galaxies in
our simulated 1013 M⊙ haloes have reasonably low SFR
(van de Voort et al. 2015; Feldmann et al. 2016). We focus
mostly on lower-mass haloes around star-forming galaxies,
where AGN are thought to be unimportant. Additionally, it
is valuable to assess whether we can reproduce existing ob-
servations of hot gas around massive galaxies without AGN
feedback.
We have not attempted detailed mock observations of
our simulations, since we are mostly interested in scaling
relations between different halo properties and are studying
the mass regime where fewer detailed observations of the hot
gas exist. Different ways of determining gas and halo masses
can lead to biases in halo mass of 20 per cent on average
(Le Brun et al. 2014), which is well within the scatter of the
correlations we study in this paper.
Halo mass,M500c, is defined in this paper to be the total
mass enclosed by a radius, R500c, within which the mean
overdensity is 500 times the critical density of the Universe
at its redshift, ρc = 3H
2(z)/8piG. Stellar mass, Mstar, is
measured within 20 kpc of the galaxy’s centre. The median
halo and stellar masses from z = 0−0.5 are given in Table 1.
Satellite galaxies are not included in this work. Throughout
the paper, distances are given in proper kpc.
2.1 Thermal Sunyaev-Zel’dovich effect
The magnitude of the thermal SZ effect is measured by the
dimensionless Compton y parameter, which is proportional
to the electron pressure integrated along the observer’s line-
MNRAS 000, 1–13 (2016)
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of-sight:
y =
∫
σTkBTne/(mec
2)dl, (1)
where σT is the Thomson cross-section, kB is the Boltzmann
constant, T is the temperature, ne is the electron number
density, me is the electron mass, and c is the speed of light.
Specifically, for each gas particle, we calculate
Υ = σTkBT/(mec
2)×mgas/(µemH), (2)
where mgas is the mass of the particle, µe is its mean molec-
ular weight per free electron, andmH is the mass of a hydro-
gen atom. Υ has units of area. To calculate Y500c, the total
Comptonization parameter within radius R500c, we sum Υ
of all gas particles within R500c on the sky, Y500c, including
all particles within the simulation’s zoom-in region along the
line-of-sight (in order to improve comparison with observa-
tions). This is then converted to
Y˜500c = Y500cE
2/3(z)(DA(z)/500Mpc)
2, (3)
scaled to z = 0 and to the same angular diameter distance,
DA, of 500 Mpc. E(z) is the Hubble parameter normalized
by H0, the z = 0 Hubble parameter.
2.2 Soft X-ray emission
We compute Λ, the cooling function in units of erg cm3 s−1,
by interpolating a pre-computed table generated using the
Astrophysical Plasma Emission Code3 (APEC, v1.3.1, see
Smith et al. 2001) under the assumption that the gas is an
optically thin plasma in collisional ionization equilibrium.
APEC cooling rates are computed for each element indi-
vidually as a function of photon energy on an element-by-
element basis. The total cooling rate is calculated by sum-
ming over the 11 most important elements for cooling (hy-
drogen, helium, carbon, nitrogen, oxygen, neon, magnesium,
silicon, sulphur, calcium and iron) which are tracked during
the simulation. APEC assumes the solar abundance ratios
of Anders & Grevesse (1989), but we modified the spectra
to reflect the actual simulated abundances.
Λ is derived from the tables as a function of log10T
through log-linear interpolation and is integrated over the
energy band of interest, in this paper 0.5 − 2.0 keV. The
contribution of element j to a gas particle’s luminosity is
then
LX = Λ(T )nenH
mgas
ρ
Xj
X⊙j
, (4)
where ρ is the particle’s density, Xj is the mass fraction of
the element and X⊙j is the solar mass fraction of the same
element. The soft X-ray emission from gas below 106 K is
negligible.
The simulations do not contain stellar point sources,
such as X-ray binaries, and therefore all X-ray emission is
diffuse emission. It should be noted that the APEC cooling
tables, which assume pure collisional ionization equilibrium,
neglect the extragalactic UV/X-ray background. However,
the effect of photo-heating on the derived X-ray properties
is small in the regime we explore here (Wiersma et al. 2009;
3 http://www.atomdb.org
Figure 1. Images of the gas density, Compton y parameter
(SZ signal; see Eqn. 1), and soft X-ray surface brightness (in
erg s−1 cm−2 arcsec−2) at z = 0.125 (DA ≈ 500 Mpc) out
to R500c for 4 representative haloes. The value of R500c is in-
dicated in the first column. From top to bottom the halo mass
increases by about an order of magnitude in each row, from 109.8
to 1012.9 M⊙. The second row shows that stellar feedback can
result in strong X-ray emission.
Crain et al. 2010) and the APEC cooling rates are therefore
consistent with those used for running the simulations.
3 RESULTS
Figure 1 shows the gas density scaled by the average density
of the Universe, 〈ρbar〉, the SZ effect as measured by the
(dimensionless) y (Equation 1), and the soft X-ray surface
brightness, Σ0.5−2 keVX (in erg s
−1 cm−2 arcsec−2) for 4 haloes
of different masses (m10, m11, m12i, MFz0 A2) at z = 0.125
(DA ≈ 500 Mpc). The halo mass increases by about an order
of magnitude in each row, from top (Mhalo = 10
9.8 M⊙)
to bottom (Mhalo = 10
12.9 M⊙). The size of each image is
2R500c by 2R500c and therefore increases from top (84 kpc)
to bottom (924 kpc) as well. The disturbed morphology and
sharp edge to the X-ray flux visible in the second row hints
at the fact that stellar feedback plays an important role and
that outflows can power X-ray emission in low-mass objects.
Feedback changes the properties of both galaxies and
their haloes by expelling gas from the interstellar medium
MNRAS 000, 1–13 (2016)
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Figure 2. Baryon fraction (top), gas fraction (middle), hot gas
fraction (T > 104 K; bottom) normalized by the cosmic baryon
fraction within R500c as a function of halo mass. The black curves
show median (solid) and 16th and 84th percentiles (dashed) of
the fractions at z > 2. The crosses show the median values for
z = 0− 0.5, with colours varying with halo mass. The error bars
indicate the 1σ scatter in both the fractions and halo mass over
this redshift interval. The baryon and (hot) gas fractions are be-
low the cosmic mean, especially at low redshift and for lowM500c.
The fraction of hot (ionized) gas is primarily a function of halo
mass, with little dependence on redshift.
(ISM). This in turn enriches and heats the circumgalactic
medium or halo gas. These galactic winds can be strong
enough to remove gas from the haloes of galaxies, especially
for low-mass haloes (e.g. Muratov et al. 2015). In Figure 2
we show, from top to bottom, the baryon fraction, gas frac-
tion, and hot gas (above 104 K) fraction normalized by
the cosmic baryon fraction (Ωbar/Ωm = 0.16) for the full
suite of FIRE simulations as a function of M500c. The black
curves show the median (solid) and 16th and 84th percentiles
(dashed) of these fractions at z = 2, 3, 4, 5, and 6 combined
(this is done to increase statistics and enable comparison
with Figure 3 later on). The coloured crosses show median
values in the redshift range z = 0−0.5, with associated error
bars indicating the 16th and 84th percentiles (i.e. the scatter
associated with time variability). The scatter for individual
objects is relatively small, since galaxies grow only slowly at
low redshift, except when they experience a major merger.
The baryon fraction and gas fraction are reduced com-
pared to the cosmic mean baryon fraction. This effect is
larger at low halo mass, where it is easier for stellar feed-
back to expel gas from the halo (e.g. Chan et al. 2015;
El-Badry et al. 2016). The gas and baryon fractions are also
lower at lower redshift, after powerful outflows at interme-
diate redshift z ≈ 0.5 − 2 remove a large amount of gas
from the halo (Muratov et al. 2015). The hot, ionized gas
fraction is necessarily the lowest. Interestingly, it is also the
only one where the high-redshift and low-redshift results are
consistent with each other. A much larger fraction of the
gas is cold (< 104 K) at high redshift and a smaller fraction
of the baryons have been expelled, but these effects cancel
out and lead to similar fhot. At low redshift, haloes with
M500c ≈ 10
11−12 M⊙ show the biggest difference between
total gas and hot gas fraction, which is also the mass regime
where one expects to find large cold gas reservoirs and high
SFRs.
The (hot) gas fractions of groups and clusters have
been derived from X-ray observations by many different
groups and they are found to increase with halo mass (e.g.
Vikhlinin et al. 2009; Sun et al. 2009; Gonzalez et al. 2013).
Our simulated galaxy groups have gas fractions consistent
with those observed. There is large scatter between haloes
in observations, which we are not able to fully probe with
our limited simulation sample, though there is also clear
evidence for scatter between objects at fixed halo mass in
Figure 2 (e.g. around 1013 M⊙).
3.1 Thermal Sunyaev-Zel’dovich signal
Figure 3 shows Y˜500c (defined in Equation 3) within a 2D
radius R500c as a function of halo mass for both high (black
curves) and low (coloured crosses with error bars) redshift.
The symbols and linestyles show the same as in Figure 2,
i.e. median values and 16th and 84th percentiles. Y˜ is inde-
pendent of redshift as it scales out the dependence on cos-
mology and puts all objects at a distance DA = 500 Mpc.
We include all the gas along the line-of-sight in our high-
resolution simulation region, but in practice this is very simi-
lar to integrating out to a few times R500c. The dotted, grey
line in the top panel is a self-similar fit (with a slope4 of
5/3) based on stacks of observed locally brightest galaxies
(Planck Collaboration 2013), which we extrapolated below
M500c ≈ 10
12.6 M⊙. We find a larger suppression of the SZ
signal towards lower masses. The best fit to our simulation
results over the full mass range gives Y˜500c ∝ M
1.8
500c, some-
what steeper than self-similar.
This is shown more clearly in the bottom panel of Fig-
ure 3, where we divide the SZ signal from our simulations
by the self-similar relation. The signal is reduced by up to
an order of magnitude for our smallest dwarf haloes. This
4 The mass contributing to Y˜500c increases linearly with M500c
and the virial temperature scales as Tvir ∝ M
2/3
500c, therefore
Y˜500c ∝M
5/3
500c.
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Figure 3. The Sunyaev-Zel’dovich signal as measured by Y˜500c
within a 2D radius R500c as a function ofM500c. The black curves
show median (solid) and 16th and 84th percentiles (dashed) of
Y˜500c at z > 2. The coloured crosses show the median values for
z = 0− 0.5, with the error bars indicating the 16th and 84th per-
centiles of Y˜ and M500c over the same redshift interval. The dot-
ted grey line shows the self-similar relation Y˜500c ∝M
5/3
500c (taken
from Planck Collaboration (2013), extrapolated below M500c =
1012.6 M⊙). In the bottom panel the measured Y˜ is divided by
the Planck fit. There is a clear reduction in the SZ signal, com-
pared to self-similar, which becomes stronger towards lower halo
masses in a way similar to the behaviour of the hot gas fraction
in Figure 2.
is directly related to the stronger decrease in the hot, ion-
ized gas fraction at lower masses shown in Figure 2, since
neutral gas does not contribute to ne and thus to Y˜ . Note,
however, that the fhot measurement is made in 3D. Our SZ
signal when measured within a 3D radius is slightly lower
(by 0.1− 0.2 dex) than in 2D, because hot, ionized gas out-
side R500c contributes to the measurement as well, especially
for low-mass haloes.
For galaxies with M500c > 10
12.6 M⊙ (or Mstar >
1010.9 M⊙), where our SZ predictions overlap with the
stacked Planck Collaboration (2013) observations, we find
a modest factor of ∼ 2 deficit of the SZ signal relative to
their results. This can potentially be explained by the large
angular resolution of the observations. The SZ signal with
Planck is measured at a much larger radius (5R500c), within
which the baryon fraction is closer to the cosmic mean, and
then rescaled (by a factor of 1.796). Le Brun et al. (2015)
show that following the same approach brings their simu-
lations into agreement with the observations even though
the SZ signal within R500c appears lower than observed. In
Figure 4. 3D radial profiles of three massive haloes (MFz0 A*)
at z = 0.25 as a function of R/R500c . Top panel: Baryon fraction
(solid) and hot gas fraction (T > 104 K; dashed) normalized by
the cosmic baryon fraction within radius R. The horizontal dotted
line shows the cosmic baryon fraction. Outside the virial radius
the baryon and gas fractions increase and approach the cosmic
mean at 5R500c . Bottom panel: Y˜ within R (solid curves). Dashed
curves show Y˜ for the two lower-mass haloes (1012.7 M⊙) scaled
to the mass of the most massive halo (1012.9 M⊙) by assuming
self-similarity. Crosses with 1σ error bars show the measured (at
5R500c) and inferred (at R500c) average Y˜ (Planck Collaboration
2013). Although Y˜ increases with radius, the discrepancy with
the observed SZ signal does not decrease significantly.
Figure 4 we investigate whether that is true for our massive
galaxies as well.
The top panel of Figure 4 shows hot gas and baryon
fractions (as in Figure 2) as a function of radius, out to
5R500c, for three of our massive haloes (MFz0 A1, MFz0 A4,
MFz0 A2). The colours are consistent with those used in the
other figures. The fourth massive halo (m13) is not shown,
because its simulated volume only goes out to R ≈ R500c.
Solid curves show fbar and dashed curves fhot. The cosmic
baryon fraction is indicated by the horizontal dotted line.
The baryon fraction inside 0.1R500c is higher than the cos-
mic mean, because baryons are able to cool and therefore
reach smaller radii than the dark matter in the halo. The
baryon fraction decreases with radius until it reaches a broad
minimum, below the cosmic mean, around the virial radius.
This minimum is set by galactic winds pushing gas out to
beyond virial radius. At R & R500c the baryon fraction in-
creases and approaches the cosmic mean at 5R500c. The hot
gas fraction is much lower than cosmic in the centre of the
halo, but approaches the baryon fraction outside the virial
radius. The total gas fraction is very close to the hot gas
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fraction at this halo mass. The baryon and hot gas frac-
tions are within 0.15 dex of the cosmic baryon fraction at
5R500c. This behaviour is qualitatively similar for the other
lower-mass haloes.
The bottom panel of Figure 4 shows Y˜ as a function of
radius as solid curves. Dashed curves show the same profile
rescaled to the mass of the most massive halo (1012.9 M⊙)
assuming self-similarity (Y˜ ∝M5/3). Variations in the tem-
perature profiles of the haloes, as well as in fhot, are re-
sponsible for the differences in Y˜ at small radii between dif-
ferent haloes. The black (grey) crosses and 1σ error bars
show the values derived from Planck Collaboration (2013)
observations for 1012.9 M⊙ (10
12.7 M⊙) at R500c and 5R500c
(multiplied by 1.796). The two simulated lower-mass haloes
should be compared to the grey data points (when not
scaled). At both R500c and 5R500c our haloes fall a fac-
tor of a few below the observed mean Y˜ , but are within
2σ. It is also important to stress that a reanalysis of the
same Planck data by Greco et al. (2015) finds larger er-
ror bars at Mstar ≈ 10
11.3 M⊙ and only upper limits at
Mstar . 10
11.1 M⊙ (M500c . 10
13 M⊙), so our simula-
tions are fully consistent with their measurements. Stacking
haloes in a mass bin and taking the average flux will nec-
essarily bias the measurement towards high values, so it is
possible that in a large statistical sample, the mean Y˜ in our
simulations would be somewhat higher.
3.2 Soft X-ray luminosity
Because diffuse X-ray emission around galaxies is generally
measured at low redshift, we only show results from simula-
tions that were run down to z = 0 in this section. Although
we show results averaged from z = 0.5−0 to reduce stochas-
tic effects associated with time variability in low-mass sys-
tems, they can be compared directly to z = 0 observations,
because there is no trend in our simulations with redshift at
z < 0.5. This is due to the fact that the mass of the sys-
tems does not increase significantly and because there is no
systematic evolution in the star formation rate.
The relation between soft X-ray luminosity and halo
mass is shown in Figure 5. The coloured crosses show the
median soft X-ray luminosity between z = 0 and z = 0.5
for each of our simulations as a function of median halo
mass (left panel) and median stellar mass (right panel). Our
simulations show a very steep scaling of LX ∝ M
2.7
500c (for
1011 < M500c < 10
13 M⊙) and LX ∝ M
2.7
star (for 10
9 <
Mstar < 10
11.5 M⊙) as shown by the black, dotted lines.
This is much steeper than a self-similar relation with slope
4/3, which assumes that the X-ray luminosity is dominated
by thermal bremsstrahlung (Sarazin 1986) and also steeper
than the slope found in observations, 1.84 (Anderson et al.
2015). This observational work, however, probes larger halo
masses than we do here.
The error bars on the simulation data points in Figure 5
indicate the 16th and 84th percentile (or scatter) over the
same redshift interval and therefore show the variation of the
X-ray luminosity over time. This time variation is very small
for galaxy groups, but increases dramatically and steadily
towards lower masses. This is because at lower halo masses,
hot galactic outflows driven by massive stars contribute to
the total X-ray luminosity, increasing the stochasticity. This
is further explored below, in Figures 6 and 8.
The grey error bars in Figure 5 are measurements from
Anderson et al. (2015) who stacked locally brightest galax-
ies and included all soft X-ray emission within R500c. The
thick error bars show the error on the mean derived from
bootstrapping, whereas the thin error bars show an upper
limit on the amount of intrinsic scatter5 between different
haloes. The X-ray luminosity in our simulations is measured
in 2D for consistency with observations, but we checked that
this is very similar to 3D since the emission scales as ρ2 and
is thus highly centrally concentrated. Our simulations are
consistent with the stacked observations in the mass range
where they overlap.
In the right panel, the grey triangles show observations
of field galaxies from Li et al. (2014), which probe out to
smaller radii (0.01 < R/R200c < 0.1) than our simula-
tions and Anderson et al. (2015). We have checked that this
smaller radius changes LX by about ∼ 0.5 dex on average.
At low stellar masses, our simulations predict X-ray lumi-
nosities that are of order, although a bit lower than, the ob-
servations. A reason for this could be that the observational
data still contain a contribution from unresolved X-ray point
sources or that the observational sample is biased towards
high LX , because of the way the objects are selected. Alter-
natively, our simulations could be missing X-ray emission
arising from the interfaces between hot halo gas and cool
clouds, as discussed in 4. At high stellar masses, our simula-
tions predict X-ray luminosities that are above most of the
Li et al. (2014) measurements. This discrepancy is partially
due to the smaller radii probed in the observations, which
therefore miss a substantial fraction of the total X-ray emis-
sion. Additionally, it is possible that star-forming galaxies
live in somewhat lower-mass haloes than quiescent galax-
ies with the same stellar mass (Mandelbaum et al. 2016), in
which case they would have lower virial temperatures and
thus lower X-ray luminosities.
The scatter in LX for low-mass haloes in our simula-
tions is large, but many galaxies with Mstar & 10
9 M⊙
have LX > 10
37 erg s−1 at least part of the time, which
means they would be detectable with current instruments
(e.g. Li & Wang 2013). In an unbiased survey, our simula-
tions predict a large number of sources with lower LX , which
may be currently undetectable.
Both the SFR (averaged over 100 Myr) and the soft
X-ray luminosity (0.5−2 keV) vary strongly with time. Fig-
ure 6 shows LX as a function of SFR for each of our sim-
ulations for 100 snapshots between z = 0.5 and 0. Crosses
with the same colour belong to the same galaxy at differ-
ent times. Colours correspond to different halo masses and
match the colours used in previous figures. For halo masses
. 1012 M⊙ LX correlates strongly with SFR, whereas for
M500c & 10
13 M⊙ LX is completely independent of SFR (see
Figure 7). This difference is caused by the different origin
of the diffuse X-ray emission, which is powered by galactic
winds for lower-mass haloes and by an accretion shock at
the virial radius for higher-mass haloes. Note that the SFRs
5 This is an upper limit, because it contains the intrinsic scat-
ter plus unknown contributions from X-ray binaries and low-
luminosity AGN.
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Figure 5. The median soft X-ray luminosity (0.5 − 2 keV) within 2D radius R500c from z = 0.5 − 0 (coloured crosses) as a function
of halo mass (left panel) and stellar mass (right panel) for each halo. The associated error bars show the 16th and 84th percentiles (1σ
scatter) over the same redshift interval. Stacked observations from Anderson et al. (2015) are shown by grey error bars, with the thick
error bars showing the error on the measurement and the thin error bars showing the upper limit of the intrinsic scatter. Grey triangles
in the right panel show measurements from Li et al. (2014), which only probe out to 0.1R200c. The black, dotted lines show the best fit
for M500c > 1011 M⊙ (left) and Mstar > 109 M⊙ (right). Our simulations are in agreement with Anderson et al. (2015), but somewhat
discrepant from Li et al. (2014) (see text). In our simulations, the scatter in LX increases towards lower masses, indicating that the
emission becomes more time variable.
Figure 6. The soft X-ray luminosity (0.5 − 2 keV) as a func-
tion of SFR (averaged over 100 Myr) for each individual galaxy
halo from z = 0 − 0.5 (at 100 approximately equally spaced
times). Crosses with the same colour belong to the same galaxy
at different times. Colours correspond to different halo masses
and match the colours used in previous figures. The dotted line
shows the linear LX−SFR relation for diffuse gas found in ob-
servations by Li & Wang (2013), which we extrapolated below
SFR= 0.01 M⊙ yr−1. For halo masses . 1012 M⊙, LX correlates
strongly with SFR, whereas for M500c & 1013 M⊙ LX is inde-
pendent of SFR (see Figure 7). This shows the different origin of
the diffuse X-ray emission: for lower-mass haloes it is powered by
galactic winds, whereas for higher-mass haloes it originates from
gas heated by an accretion shock at the virial radius.
of our most massive objects lie at the high end of what is ob-
served for local early-type galaxies (Davis et al. 2014). How-
ever, decreasing their SFRs would not affect LX and only
strengthen our conclusion that the X-ray emission originates
from shock-heated, virialized halo gas. There is significant
scatter at fixed SFR for low halo masses. This is at least
in part due to the fact that there will be some time delay
between the formation of new stars and supernova-driven
outflows. A similar correlation between SFR and luminosity
has also been found for ultra-violet metal-line emission at
high redshift (Sravan et al. 2016).
The dotted line in Figure 6 shows the observed linear
correlation between the total diffuse X-ray luminosity and
SFR for a (heterogeneous) sample of star-forming galaxies
with SFR > 0.01 M⊙ yr
−1 (Li & Wang 2013)6. The relation
is extrapolated below a SFR of 0.01 M⊙ yr
−1. In general
there is a reasonably good match between our simulations
and observations. However, at fixed SFR, the average LX
in our simulations is somewhat lower than that observed,
especially at low SFR. This could be explained if the obser-
vations still include a contribution from X-ray binaries or
are biased towards high LX , because of the way the sample
is selected. Alternatively, our simulations may be underpre-
dicting LX from galactic winds (see Section 4).
The LX−SFR correlation for our ensemble of simu-
lated galaxies is somewhat steeper than linear. However,
if we restrict ourselves to LX > 10
36 erg s−1 and SFR>
0.01 M⊙ yr
−1, imitating possible observational detection
limits, the slope of the correlation is ∼ 0.8, close to linear.
Figure 6 shows that the X-ray luminosity of the three
objects with M500c ≈ 10
12 M⊙ is never below 10
36erg s−1
even at low SFRs of less than 0.1 M⊙ yr
−1. This is likely
because the gas that went through an accretion shock at
the virial radius sets a lower limit for LX . For these haloes
(M500c ≈ 10
12 M⊙) it is possible that in high-SFR systems
6 This is similar to the linear SFR-X-ray correlation in
Mineo et al. (2012), though a factor of ∼ 1.7 higher in normal-
ization, because the observations of Li & Wang (2013) probe out
to larger radii.
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Figure 7. The power, α, of the correlation between LX and
SFR (LX ∝ SFR
α) for each individual halo as a function of halo
mass. The dotted line at α = 0 corresponds to no correlation.
m10v and m12i have been omitted from this figure, because α
could not reliably be determined. The X-ray emission around
dwarf galaxies is a strong function of their SFR, while haloes
with M500c ≈ 1011−12 M⊙ exhibit a correlation close to linear.
There is, however, no correlation between LX and SFR for the
most massive objects, because hot, virialized halo gas produces
more X-rays than star formation powered winds.
the X-rays are powered (directly or indirectly) by galac-
tic winds, whereas in low-SFR systems the X-rays originate
from the diffuse, quasi-hydrostatic halo gas. Our simulated
sample does not contain any strongly starbursting massive
galaxies at low redshift. If the scaling with SFR seen in
lower-mass star-forming galaxies persists, we would expect
galaxies with Mstar = 10
11 M⊙ or Mhalo = 10
13 M⊙ to
become dominated by X-rays powered by galactic outflows
if their SFR& 100 M⊙ yr
−1 (e.g. (ultra)luminous infrared
galaxies).
Another clear distinction between the X-ray emission
of our most massive haloes and those around star-forming
galaxies lies in the radial profile. The surface brightness of
the latter falls off more steeply with radius than that of the
former, as can also be seen in Figure A1.
A correlation between LX and SFR for an ensemble of
star-forming galaxies is expected because both properties
increase with galaxy (and halo) mass. Wang et al. (2016)
show that, indeed, most of the LX−SFR correlation is due to
the differences in stellar mass and when they scale this out,
the correlation becomes very sub-linear. Theoretically, one
also expects a correlation between LX and SFR for objects
of the same mass if supernovae drive hot winds out of star-
forming galaxies. Such a correlation at fixed stellar mass
would therefore be the most direct observational test of the
importance of stellar feedback.
To scale out the dependence on stellar mass, Figure 7
shows the slope, α, of the correlation between LX and SFR
(LX ∝ SFR
α) from z = 0−0.5 as a function of median halo
mass for each individual halo. We have excluded simulations
m10v and m12i for which the correlation could not reliably
be determined, because m10v has too few nonzero LX data
points and m12i has too little variation in SFR.
Galaxies in the smallest haloes (M500c ≈ 10
10 M⊙) show
Figure 8. Median mass-weighted (triangles) and soft X-ray-
weighted (crosses) radial velocity of hot, diffuse gas (T > 104 K)
as a function of halo mass at z = 0 − 0.5. The error bars show
the 16th and 84th percentiles for the X-ray-weighted velocity.
The solid, black curve shows the circular velocity, vcirc, of the
haloes at R500c. The grey, dotted curve indicates a static halo.
Soft X-ray emission is highly biased towards outflows for low-mass
systems (M500c . 1011.5 M⊙), for which the X-ray weighted ra-
dial velocity is close to vcirc, on average. For high-mass objects
(M500c & 1012.5 M⊙) the X-ray-weighted radial velocity is low
compared to vcirc, indicating that the emission comes from the
virialized halo gas.
correlations much steeper than linear, up to a power of 5.
Galaxies in haloes of M500c ≈ 10
11−12 M⊙ show correla-
tions close to linear. For galaxies in the most massive haloes
(M500c ≈ 10
13 M⊙), there is no correlation between SFR
and X-ray luminosity. This is due to the fact that the hot,
hydrostatic halo gas (with temperatures close to the virial
temperature) dominates the X-ray emission and the energy
input from stellar feedback is insignificant compared to the
energy input by the accretion shock at the virial radius. The
strong dependence of α on halo mass indicates that the im-
portance of galactic winds for the X-ray emission decreases
smoothly with increasing halo mass.
To better assess the dynamical state of the X-ray emit-
ting gas, we calculate the average mass-weighted and soft
X-ray-weighted radial velocity of hot, diffuse gas with T >
104 K and nH < 0.1 cm
−3 (thus excluding the ISM). Fig-
ure 8 shows the median mass-weighted (triangles) and X-
ray-weighted (crosses) radial velocity as a function of halo
mass, as well as the 16th and 84th percentiles for the X-
ray-weighted velocity from z = 0 − 0.5. There is no inher-
ent reason why the emission would be biased towards gas
with high radial velocity, yet the average X-ray-weighted
radial velocity is close to the halo’s circular velocity, vcirc,
for M500c . 10
11.5 M⊙, albeit with large scatter. This
means that the X-ray emission is much more likely to be
associated with outflowing gas than the average hot halo
gas. For high-mass haloes, M500c & 10
12.5 M⊙, the X-ray-
weighted radial velocity is much lower than the halo’s vcirc
and only slightly higher than the mass-weighted radial ve-
locity. In these haloes the X-ray emission is dominated by
quasi-hydrostatic halo gas.
Some of our Milky Way-mass haloes (M500c ≈ 10
12 M⊙)
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show relatively low X-ray-weighted radial velocities, whereas
another shows velocities as high as vcirc. This is an indica-
tion that for some haloes, outflows are still contributing to
their X-ray emission, but that for others the halo gas heated
by an accretion shock is becoming more important. Milky
Way-mass galaxies are close to, but still above, the tran-
sition mass below which haloes no longer exhibit a stable
virial shock (e.g. Birnboim & Dekel 2003). In these haloes
the two sources for diffuse X-rays compete: when the SFR
and outflow rate are low, the halo gas heated through a
virial shock dominates, whereas when the SFR is high, the
hot galactic wind and halo gas shocked by the wind domi-
nate. This is also consistent with the LX−SFR correlation
becoming shallower with increasing mass (see Figure 7).
X-ray emission is naturally biased towards high density,
temperature, and metallicity (e.g. van de Voort & Schaye
2013; Crain et al. 2013). We find the same bias in our simu-
lations. The soft X-ray-weighted metallicity and density are
about an order of magnitude higher than the mass-weighted
ones (for gas with T > 104 K). The X-ray-weighted metal-
licities of the M500c ≈ 10
13 M⊙ objects are close to solar,
but their mass-weighted metallicities are only ∼ 0.1 Z⊙. For
lower-mass galaxies, the X-ray-weighted (mass-weighted)
metallicities are about 0.3 − 0.5 Z⊙ (0.03 − 0.1 Z⊙). There
is no significant change in this bias across the full mass
range we probe. This is not the case for the temperature
bias, which decreases from 1.4 dex for dwarf galaxies to
0.3 dex for our group-sized haloes. We therefore conclude
that the outflow bias seen in Figure 8 is driven by tempera-
ture differences. In low-mass haloes all hot, X-ray emitting
halo gas is contained in outflows driven by stellar feedback,
whereas at higher halo masses the hot gas is dominated by
accreted gas that was shock-heated at the virial radius. Stel-
lar feedback becomes less important for the X-ray luminos-
ity towards higher masses, because the virial temperature
increases and thus the contribution from hydrostatic halo
gas also increases.
Note that our simulations include only stellar feedback.
It is possible that AGN feedback would heat the halo gas
and increase the X-ray-weighted radial velocity in the most
massive objects. However, it would have to do so without
significantly changing LX in order to stay in agreement with
observations.
4 DISCUSSION AND CONCLUSIONS
In this paper, we have quantified the baryon and gas frac-
tions, the strength of the Sunyaev-Zel’dovich (SZ) effect, and
the soft X-ray luminosity of galaxy haloes using a large suite
of zoom-in simulations from the FIRE project. These obser-
vational probes reveal the impact of strong stellar feedback
on gaseous haloes (our simulations do not include AGN feed-
back). Consistent with previous results, we find that lower-
mass galaxies are more affected by galactic winds driven by
stellar feedback.
We find a relation between the integrated electron pres-
sure, as measured by the SZ effect, and halo mass, M500c:
Y˜500c ∝ M
1.8
500c for M500c . 10
13 M⊙ (Fig. 3; see Equa-
tion 3 for the definition of Y˜500c). This is steeper than the
self-similar scaling of Y˜500c ∝ M
5/3
500c, implying that the SZ
effect is more strongly suppressed by stellar feedback within
the virial radius of lower-mass haloes. This is driven by
the decreasing fraction of ionized gas with decreasing halo
mass (Fig. 2). At low redshift, the fraction of ionized gas is
strongly correlated with the total gas fraction and baryon
fraction, which also decrease with decreasing halo mass, ow-
ing to more efficient expulsion of gas in lower-mass haloes.
At high redshift, galaxies are rich in cold, star-forming gas
and have baryon fractions much closer to universal, yet this
gas does not contribute to the SZ effect, because it is neu-
tral. The resulting value of Y˜500c as a function of mass is
remarkably independent of redshift.
Our simulated SZ values (at M500c ≈ 10
13 M⊙)
are a few times lower than those measured by
Planck Collaboration (2013), both at low and high
redshift, but still within 2σ. However, Greco et al. (2015)
find a larger noise contribution using the same data and
only upper limits at this halo mass, which are fully consis-
tent with our simulations. The Planck Collaboration (2013)
observations probe a scale about five times large than R500c,
within which the baryon fraction is close to the cosmic
mean (Fig. 4). The resulting Y˜ is then rescaled by assuming
a ‘universal pressure profile’, based on measurements of
galaxy clusters. Le Brun et al. (2015) use full cosmological
simulations (with lower resolution, better galaxy statistics,
and AGN feedback) to predict a large reduction of Y˜500c
for M500c ≈ 10
13 M⊙ at R500c (about a factor 5) and
a value consistent with Planck Collaboration (2013) at
5R500c. This is fundamentally because the spatial template
at M500c . 10
13 M⊙ is not the same as in massive clusters
that motivate the ‘universal pressure profile’. In our zoom-in
simulations, this effect is not large enough to bring all of our
haloes into complete agreement (i.e. to within 1σ) with the
Planck Collaboration (2013) observations at 5R500c. Given
the observational uncertainties (Greco et al. 2015) we do
not draw strong conclusions from this small discrepancy
at this time. If it is confirmed by future observations, it
is possible that it is necessary to include line-of-sight gas
outside 5R500c, which our simulations are lacking. Another
possibility is that our three haloes happen to have low SZ
flux and with a larger sample we would recover the mean
value. Finally, this could point towards feedback being too
effective at M500c ≈ 10
13 M⊙ in our current stellar feedback
only simulations.
Ultimately, observations with better angular resolution
are necessary to probe the effect of feedback on hot haloes
around galaxies using SZ measurements. The reduction of
Y˜500c we find compared to the self-similar solution is stronger
at lower halo masses, but already present in group-sized
haloes (M500c ≈ 10
13 M⊙; Mstar ≈ 10
11 M⊙) within the
virial radius.
We find a steep relation between the soft X-ray lu-
minosity, LX , and galaxy or halo mass: LX ∝ M
2.7
star and
LX ∝ M
2.7
500c (Fig. 5). The scatter in LX between differ-
ent haloes and the time-variability of LX increase signifi-
cantly towards low halo masses. Our combined simulation
sample below M500c = 10
12 M⊙ shows a steep correlation
between LX and SFR (Fig. 6), becoming steeper towards
lower halo or stellar mass (Fig. 7). However, the galaxies in
more massive haloes show no correlation between LX and
SFR. This difference arises because in the latter case, the
quasi-hydrostatic, virialized halo gas dominates the X-ray
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emission, whereas in the former case the emission is primar-
ily powered by star formation-driven outflows.
The X-ray emission is highly biased towards gas with
temperatures & 106 K. In low-mass haloes, gas can only
reach temperatures this high if it is heated by galactic winds
(directly or indirectly). For M500c . 10
11.5 M⊙ the X-ray-
weighted radial velocity is close to the halo’s circular veloc-
ity, showing that indeed most of the emission is coming from
outflowing gas (Fig. 8). In high-mass haloes, the virial tem-
perature is high enough (& 106 K) for quasi-hydrostatic halo
gas, shock heated at the virial radius, to contribute to (and
dominate) LX , resulting in X-ray-weighted radial velocities
much lower than vcirc.
Comparing our soft X-ray predictions to stacked obser-
vations by Anderson et al. (2015), we find that they are con-
sistent within the scatter, although we are limited by statis-
tics. Le Brun et al. (2015) showed that their simulation
(with lower resolution, but much better halo statistics) with
only stellar feedback overpredicts LX for M500c ≈ 10
13 M⊙.
This is not true in our sample of higher-resolution zoom-in
simulations. This is likely because our stellar feedback im-
plementation is more efficient at driving galactic winds in
group-sized haloes. The simulation of Le Brun et al. (2015)
including both stellar and AGN feedback also reproduces ob-
servations well. This paper shows that AGN feedback may
not be necessary to explain the X-ray properties of galaxy
groups. Note, however, that the SFRs of our massive galax-
ies lie at the high end of those observed in local early-type
galaxies (Davis et al. 2014) and additional feedback may be
required to reproduce the full quenched galaxy population,
without substantially changing the X-ray luminosities.
Crain et al. (2010) find that the X-ray luminosity of
their simulated galaxies (with 1010 < Mstar < 10
11.7 M⊙) is
not driven by the present-day SFR, although it is still biased
towards outflowing gas, because outflowing gas is denser and
more metal-rich. Our simulations agree with this claim at
high masses (Mstar ≈ 10
11 M⊙), but show evidence that for
Mstar ≈ 10
10 M⊙ the X-ray emission is enhanced at high
SFR. The difference could be due to the fact that the FIRE
simulations better resolve the galaxy’s interstellar medium
and the sites of star formation, which results in a more time-
variable, stochastic SFR (Hopkins et al. 2014; Sparre et al.
2015) compared to lower-resolution simulations in which the
high-density gas is modelled with an effective equation of
state (as in Crain et al. 2009, 2010).
We caution that the X-ray emission from diffuse gas we
calculate from star-forming galaxies may be an underesti-
mate. The reason for this is that most of the X-ray emis-
sion from galactic winds driven by star formation is pre-
dicted to come from small radii comparable to the size of
the star-forming disc (e.g. Zhang et al. 2014). This is con-
sistent with observations of NGC 1569 (Martin et al. 2002)
and M82 (Strickland & Heckman 2009). This emission prob-
ably originates primarily from the interfaces between the
volume filling supernovae heated gas and embedded cool
‘clouds’ (e.g. Veilleux et al. 2005). Properly resolving these
dynamics is challenging for simulations of isolated galax-
ies or idealized patches of galactic disks (e.g. Martizzi et al.
2016), let alone for cosmological simulations. The inclusion
of magnetic fields and/or thermal conduction may also be
critical for capturing the correct dynamics at the interface
between the cool and hot phases (e.g. McCourt et al. 2015;
Bru¨ggen & Scannapieco 2016). Thus, although we do not see
any trend in our predicted X-ray emission with resolution, it
is possible that this emission would increase at much higher
resolution and with the inclusion of additional physics. We
expect, however, that the general trends with SFR and stel-
lar mass found here are robust, since they are caused by the
change in the relative importance of star formation and hot
halo gas with halo mass, which is a generic feature of galaxy
formation.
Our current cosmological zoom-in simulations predict
that future observations of the SZ effect with high angu-
lar resolution (e.g. SPTpol, ACTpol, SPT-3G, AdvACT,
NIKA), will measure a reduced Y˜ (compared to the self-
similar value) in < 1013 M⊙ haloes due to gas ejection
from the halo. Future surveys of the diffuse soft X-ray emis-
sion (e.g. Chandra, XMM-Newton, eROSITA, ATHENA,
SMART-X) around Milky Way-mass and dwarf galaxies will
observe increased scatter in LX towards lower masses and a
strong correlation with SFR. Combining both observational
probes is a particularly strong diagnostic of the effect of stel-
lar feedback on the gaseous haloes around galaxies, because
galactic winds affect the SZ signal and soft X-ray luminosity
differently. In the future we aim to extend our current simu-
lation suite with AGN feedback to study its effect and with
a larger volume cosmological simulation in order to probe
SZ and X-ray properties statistically, compare in detail to
the observed scatter, and study gas outside the virial radius.
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APPENDIX A: RADIAL SOFT X-RAY
PROFILES
This appendix shows predictions for soft X-ray surface brightness
profiles that can be directly compared to (future) observations.
Figure A1 shows the radially averaged soft X-ray surface bright-
ness profile where we have taken the median from z = 0.5 − 0.
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Figure A1. Median radially averaged soft X-ray surface bright-
ness profile from z = 0.5 − 0 for all 16 galaxy haloes considered
in this paper. Colours correspond to those in Figures 2 to 8. Dot-
ted curves correspond to low-mass haloes (M500c < 1011 M⊙),
solid curves to 1011 < M500c < 1011.5 M⊙, dashed curves to
1011.5 < M500c < 1012 M⊙, and dot-dashed curves to massive
haloes (M500c > 1012.5 M⊙). The profiles of the star-forming
galaxies are fairly steep, with the emission powered by galactic
winds at small radii. For massive galaxies, however, the profiles
are much shallower, showing that for these objects the halo out-
skirts contribute a larger fraction of the total X-ray luminosity.
Colours show individual haloes and are identical to those in all
previous Figures. Dotted curves correspond to low-mass haloes
(M500c < 1011 M⊙), solid curves to 1011 < M500c < 1011.5 M⊙,
dashed curves to 1011.5 < M500c < 1012 M⊙, and dot-dashed
curves to massive haloes (M500c > 1012.5 M⊙). A clear difference
can be seen in the slope of the median profiles, which are shal-
lower for the four group-sized haloes. For these systems, the halo
outskirts contribute a significant fraction of the total X-ray lu-
minosity, whereas for star-forming galaxies, the emission is more
centrally concentrated. This again argues for different origins of
the X-ray emission with hot gas in massive systems being pre-
dominantly heated by an accretion shock at the virial radius,
whilst the hot gas in lower-mass, star-forming systems is heated
primarily by stellar feedback in the centre.
Because the time variability is large for low-mass galaxies,
the soft X-ray profile at any given time can look very different
from the median profile shown in Figure A1. To illustrate this,
we show the radially averaged soft X-ray profile for galaxy m11
in Figure A2. The different curves correspond to different times,
with ∼ 60 Myr intervals. The blue, dashed curve shows the X-ray
surface brightness correspoding to the image shown in Figure 1.
For this galaxy, at t = 57 Myr, stellar feedback increases the
total X-ray luminosity in the centre, which propagates outwards
as the hot gas expands. This expanding bubble is visible as a sharp
drop in the surface brightness profile. After a few 100 Myr, the
profile becomes smooth again. The soft X-ray profiles can change
significantly on 100 Myr timescales for galaxies with Mstar <
1010 M⊙. The variation seen in Figure A2 is smaller for more
massive systems, but in all our simulations, a sharp drop in the
X-ray surface brightness profile of a galaxy halo is strong evidence
for stellar feedback powering the X-ray emission at least interior
to the drop.
Figure A2. Radially averaged soft X-ray surface brightness pro-
file of galaxy m11 at different times, with time intervals around
60 Myr as shown in the legend. The blue, dashed curve corre-
sponds to the image in Figure 1. When a feedback event increases
the total X-ray luminosity, this is visible as a sharp drop in the
surface brightness profile. This drop propagates outwards as the
hot gas expands. About 300 Myr after the hot wind was triggered,
the profile becomes smooth again.
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